There is increasing evidence in literature for significant improvements in both toughness and strength of graphene-based nanocomposites through engineering their nano-interfaces with hydrogen bonds (Hbonds). However, the underlying mechanical behaviors and properties of these H-bonded interfaces at the microscopic level were still not experimentally clarified and evaluated. Herein, this work reports a study on the interfacial stress transfer between a monolayer graphene and a commonly used poly(-methyl methacrylate) (PMMA) matrix under pristine vdW and modified H-bonding interactions. A nonlinear shear-lag model considering friction beyond linear bonding was proposed to understand evolution of interfacial stresses and further identify key interfacial parameters (such as interfacial stiffness, strength, frictional stress and adhesion energy) with the aid of in situ Raman spectroscopy and atomic force microscopy. The present study can provide fundamental insight into the reinforcing mechanism and unique mechanical behavior of chemically modified graphene nano-interfaces and develop further a basis for interfacial optimal design of graphene-based high-performance nanocomposites.
Introduction
Nanocarbon materials have proven to be remarkable materials because of its unique physical properties [1, 2] . In particular, onedimensional carbon nanotubes (CNT) and two dimensional graphene sheets exhibit striking mechanical stiffness (with 1 TPa Young's modulus), ultrahigh aspect ratio (>10 4 ) and exceptional robustness (failure strain up to 20%), making them ideal nanofillers for high-performance nanocomposites [3e5] . From classic view of fiber/matrix system, one of the most critical issues that determine the bulk performance, durability and reliability of composites lies in the interfacial properties, which should be substantial to undergo sufficient stress transfer caused by the stiffness mismatch during deformation [6e8] . This issue could be much more critical in nanocarbon-based nanocomposites, where there are orders of magnitude more interfacial area created per volume of filler added and the high stiffness of graphene and carbon nanotube makes such mismatch more distinctive. Thus, in efforts to optimize the bulk performance of nanocarbon-based nanocomposites, particularly central is to figure out the elucidation of specific nanocarbonmatrix adhesions and the mechanical behavior of these nanointerfaces.
Recently, owing to its monolayered nature, graphene with micrometer lateral size has been particularly promising as not only superior nanofiller, but also its own 'wireless' strain sensors with the aid of Raman spectroscopy [9e18] . Through macroscopically applying strain on matrix or substrate, in situ recording of the Raman peaks shift of graphene can provide quantitative measurement of strain distributions in the whole graphene sheet and, at the same time, a tool for thorough understanding of nanointerface mechanics as well as their properties [9, 11, 18] . For instance, Young et al. have monitored the stress transfer in monolayer graphene sandwiched between PMMA and SU-8 polymer layer where interfacial adhesion was taking place though van der Waals (vdW) bonding across an atomically smooth surface. Based on linear shear-lag assumptions used in fiber/matrix interfaces, the derived interfacial shear strength was on the order of 2.3 MPa [9] . Moreover, unlike the fracture behavior of carbon fibers undergoing when matrix was subjected to a larger strain level, stress transfer between the graphene and polymer was still taking place through interfacial friction (in the range 0.3e0.8 MPa) [9] . Nanoscale frictional behavior beyond the well-established linear interfacial mechanics in fiber-based composites should thus be carefully considered for pristine graphene-based nano-interfaces, in order to experimentally evaluate their mechanical behavior and properties. Similar results were also revealed through molecular dynamics (MD) simulations about vdW interaction dominated graphene interfaces where adhesion and sliding force would spontaneously take place even without an applied normal pressure [19] . More recently, Zhu et al. also developed a nonlinear shear-lag model by assuming a constant frictional/sliding stress (i.e. shear strength in their analysis) beyond the linear stage and obtained 0.46e0.69 MPa of interfacial strength or frictional stress for monolayer graphene-polyethylene terephthalate(PET) nanointerfaces [11] .
Besides of these elegant insights into the mechanical properties and nonlinear behavior of the graphene-based vdW interfaces, the high aspect ratio of the graphene nanosheet also offers tremendous opportunities for tuning interfacial chemistry at the molecular level, and further enables optimal design of graphene-based nanocomposites by engineering interfacial crosslinks beyond vdW interactions [20] . Especially, previous MD simulations suggested that crosslinking hydrogen bonds (Hbonds), which were widely utilized in toughening and reinforcing bio-materials (e.g. silk and nacre) [21] , in graphene-based interfacial galleries would feature them with much improved mechanical interactions, compared with the pristine weak vdw interactions [22e24] . Recent literature in graphene-based nanocomposites further highlighted such interfacial H-bonds crosslinks by which improvements could be achieved in both bulk toughness and strength [25e30] . However, the underlying mechanical behaviors and properties of these H-bonded interfaces at the microscopic level were still not experimentally clarified and evaluated. Consequently, optimal designs by tuning the Hbonding within graphene-related bulk materials are limited by missing the key mechanical parameters such as the interfacial strength and frictional stress. Characterization of the mechanical behavior and properties of H-bonded graphene-based interface is thus essential both from a technological perspective for design of high-performance nanocomposite and from a fundamental interest in understanding nano-interface mechanics.
Herein, this work reports a study on the interfacial stress transfer between a monolayer graphene and a commonly poly(-methyl methacrylate) (PMMA) matrix under pristine and modified interfacial interactions (i.e. the pristine vdW and H-bonding interaction). A nonlinear shear-lag model considering friction beyond linear bonding and corresponding analytical solutions were presented, offering a simple tool to understand evolution of interfacial (shear) stresses along the graphene/PMMA interface during subsequent deformations. We then further identify key interfacial parameters including interfacial (shear) stiffness, strength and frictional stress for both graphene-based vdW and H-bonding nano-interface with the aid of in situ Raman spectroscopy measurements. Finally, the adhesion energy for these two types of graphene interfaces is calculated on the basis of frictional behavior induced buckles after release. Our nonlinear model might be also valid for graphene nano-interfaces with various types of interfacial interactions (e.g. covalent and coordinative bonds) and interfacial parameters presented in this study can develop valuable basis for interfacial optimal design of high-performance graphene-based nanocomposites.
Experiment and model

Problem definition
In our experiments, the graphene samples were prepared by micromechanical cleavage and transferred onto the surface of poly(methyl methacrylate) (PMMA) matrix [13] . The monolayer graphene sheet was exposed on top of PMMA matrix, allowing further chemical functionalization. The mechanical deformation was carried out with a PMMA cantilever beam mounted onto a piezoelectric stage with resolution of 600 nm in Renishaw Raman spectroscope [13,31e37] . Oxidization of individual graphene sheet was performed by using O 3 eH 2 O gaseous mixture as oxidizing agent in order to tuning the native interfacial interaction into Hbonding interaction (see Ref. [39] for more details on the experiments) [38, 39] . In our analysis, for the sake of symmetry only half of the graphene/matrix system in the horizontal (x) direction is considered as shown in Fig. 1a . The graphene sheet holds a halflength (L/2) withx ¼ 0 at the center of the nanoplate. As the applied strain to the matrix experimentally is small (<1%), all the materials involved in the problem are assumed to have a linearly elastic behavior and the non-linearity is concentrated at the interface in our modified shear lag model. Thus, the graphene holds a Young's modulus of E g (¼ 1 TPa) [3] , the constitutive equation of graphene can be given as:
Where s, ε and u g denote the axial stress, strain and displacement in the graphene, respectively. Meanwhile, for the strains of the matrix, the relationship also holds:
where ε m and u m denote the strain and displacement in the matrix. Note that the definitions of u m and u g also yield:
Where d is the tangential relative displacement at the graphene nanosheet/matrix interface.
Conventional shear-lag assumptions
Recently, shear lag analysis has been used to describe the shear stress transfer between a monolayer graphene and a substrate or matrix [9, 11, 18] . In this type of linear model, perfect bonding and linear relationship between tangential relative displacement and the interfacial shear stress are assumed for the nano-interfaces. During uniaxial tensile loading, the tensile stress transfers from the substrate to the graphene by means of this interfacial shear stress. Combining Eq. (1), the equilibrium condition for the graphene in the x direction leads to: 
Conventional shear-lag analysis in fiber-reinforced composites assumed linear assumption for interface (t~d), Eq. (5) can hence be easily solved as presented in Section 3.1 by combining Eq. (1) for graphene, Eq. (2) for substrate as well as Eq. (3) for interfaces [9, 11, 18] . As only shear stress arises in our graphene/matrix system (Fig. 1a) , for the sake of simplicity, the interfacial shear stress (traction), t, will be equivalently indicated as ''interfacial stress"; the interfacial tangential relative displacement (separation) across the interface, d, will be equivalently termed ''relative displacement".
Nonlinear shear-lag model
In efforts to tackle analytical modelling of the nano-interfaces that featured unique frictional behavior, the linear interfacial behavior (t À d relationship) in conventional shear-lag analysis was modified after considering frictional forces beyond elastic bonding. This interface could be thought of as a thin layer consisting of uniformly distributed interfacial bonding and having a nonlinear constitutive behavior under shear deformation. As shown in Fig. 1b , during initially elastic bonding stage, the interfacial stress in this thin layer increases linearly with a constant stiffness (k e ) in response to the interfacial relative displacement (shear-lag analysis), until reaching the so-called critical interfacial strength (t c ). Beyond linear stage, there is a frictional stage with considerable sliding stress compared to the interfacial strength. Here we assume that the interfacial frictional stress keeps a constant of at c , and a ( 1) represents the ratio of frictional stress to interfacial strength. In addition, when the friction stress could not remain the level of interfacial strength (a<1), an intermediate stage, behaves like interfacial "softening", is essential for the continuity of interfacial stresses between the linear and frictional stage. We define this intermediate stage as damaging stage, describing the transition stage of interfacial bond breaking (when interfacial stress reaches bonding strength) to steady interfacial sliding (bond breaking and re-forming caused frictional behavior), where interfacial stress decreases with another constant slope (Àk d ). The following analytical relationships represent the three branches of nonlinear tÀd relationship:
a ¼ 0, bilinear cohesive zone models (describing the crack initiation and propagation in fiber-polymer, coating adhesives and bimaterial interfaces) [43] ; iv) when a ¼ 1, nonlinear shear-lag models (describing interfacial sliding behavior in graphenebased vdW interfaces) [11] . In fact, there is inconsistence in interfacial frictional stress to strength ratio in previous experimental work about vdW interface [9, 11] . In addition, different types of interfacial crosslinks also showed probably different frictional behavior [44, 45] . For instance, though no experimental results exist, according to MD simulations results, the covalent bonded graphene interfaces were examined to exhibit a smaller a (interfacial frictional stress to strength ratio) compared with ionic, hydrogen bonded or vdW interfaces [45] . Our model thus takes account of diverse relationships between the interfacial shear stress and interfacial relative displacement of various types of crosslinking interfaces, by which complex nanocarbon-matrix adhesions will be experimentally clarified and evaluated in future. Here, to focus on evolution of interfacial (shear) stresses along the graphene/PMMA interface during subsequent de-
cussions without loss of generality in Fig. 2 . And then these interfacial parameters of H-bonded and vdW interfaces are identified and compared based experimental results as discussed in Section 4.2.
3. Analysis of the interfacial shear stresses
Elastic (E) stage
At small applied strain (ε m ) on matrix, the whole length of the interface is in elastic conditions, and thus the interfacial behavior is described by the first branch of the nonlinear interfacial stressrelative displacement relationship. Eq. (6)a by using Eq. (3) can be expressed as: 
where the subscript "e" is introduced to refer to the interfacial stress under elastic condition. Deriving Eq. (6) and combing the resulting expression with Eqs. (1) 
Where b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi k e =E g t p is the parameter in conventional shear lag analysis [42] . Applying the boundary conditions ε ¼ 0 atx ¼ L/2 and dε/dx ¼ 0 atx ¼ 0(stemming from symmetry), Eq. (9) can be solved as:
Substituting Eq. (10) into Eq. (4), the consequent expression of the interfacial shear stress is: t e ¼ bE g tε m sinhðbxÞ coshðbL=2Þ (11) and it is shown in Fig. 2a . Eq. (11) was the same as the shear lag analysis which has been widely used in interfacial stress analysis of fiber-reinforced composites. The maximum interfacial stress gived by Eq. (11) is reached at the end of the graphene sheets (at x ¼ L/2).
As the applied strain to matrix increase, the interfacial relative displacement increases. The interface is at the elastic stage until t e (x ¼ L/2) reaches a critical interfacial strength, t c , i.e. the strength of interfacial crosslinking bonds and the applied strain reaches the value:
ε c ¼ t c bE g t tanhðbL=2Þ (12) For ε m ¼ ε c , at the end of the graphene sheet it is t e (x ¼ L/2) ¼ t c , as shown in Fig. 2b , and damaging (breaking of bonds) starts.
Elastic-damaging (E-S) stage
As the applied strain to matrix further processes after reaching ε c , the graphene/matrix interface enters the elastic-damaging stage: an increasing length (x) near the edge becomes the damaging condition, while the rest remains in elastic condition as shown in Fig. 2c . For the elastic zone (0 x L=2 À x), the governing differential equation (9) continue to hold. At the point of x ¼ L=2 À x, the interfacial stress t e ðL=2 À xÞ is exactly equal to t c .
After combining this boundary condition with Eqs. (4) and (12), with another condition dε/dx ¼ 0 atx ¼ 0 (stemming from symmetry), the axial strain of graphene in the elastically bonded phase could be solved:
Substituting Eqs. (13) and (12) into Eq. (4), the consequent expression of the interfacial stress is: 
For the damaging zone (L=2 À x x L=2), the interfacial behavior is described by the second branch of the nonlinear model. In this case, deriving Eq. (6)b and substituting it into Eq. (5) with the aid of Eqs. (1)e(3) , the following differential equation governing the damaging zone could be easily found: . Substituting Eqs. (16) and (12) into Eq. (4), the consequent expression of the interfacial stress is:
where the subscript "d" is introduced to refer to the interfacial stress under damaging condition. Moreover, by applying the continuity of axial strain of graphene ε þ ðL=2 À xÞ ¼ ε À ðL=2 À xÞ by Eqs. (13) and (16), the following implicit expression is obtained for the length of the damaging zone x:
Eq. (18) provides the relationship between the applied strain and damaging length at the elastic-damaging stage. As depicted in 
Combining Eqs. (18) and (19) can compute the value of damaging length x at the end of elastic-damaging stage.
Elastic-damaging-frictional (E-D-F) stage
As the applied strain to matrix further processes, the graphene/ matrix interface enters the elastic-damaging-frictional stage: an increasing length (b x) near the edge becomes the frictional condition, while the rest remains in partially damaging and partially elastic condition as shown in Fig. 2e .
For the elastic zone (0 x L=2 À x À b x), the length of damaging part of interface could be considered as ðx þ b xÞ without disturbing boundary condition for the solution of governing differential equation (9) . Thus the axial strain of graphene in the elastically bonded phase could be solved by substituting x with ðx þ b xÞ in Eq. (13):
the consequent expression of the interfacial stress is:
For the damaging zone (L=2 À x À b x x L=2 À b x), the governing differential equation (15) continue to hold. At the point of x ¼ L=2 À x and x ¼ L=2 À x À b x, the interfacial stress is exactly equal to t c and at c , respectively. After combining this two boundary condition with Eqs. (4) and (12), the axial strain of graphene in the damaging phase could be solved: . Substituting Eqs. (22) and (12) into Eq. (4), the consequent expression of the interfacial stress is:
For the frictional zone (L=2 À b x x L=2), the interfacial behavior is described by the third branch of the nonlinear model. Unlike the debonding assumption for micron-size fiber/polymer interface in conventional interfacial model, the graphene/polymer interface could still keep its capacity of transferring loads due to frictional forces (stemming from the breaking and re-forming process of cross-linked bonds or vdW interaction). The sliding stress (at c ) is assumed to be a-fold of the interfacial strength in our nonlinear model: 
4. Results and discussion
Evolution of interfacial stresses and strain distribution
With the interface identified in Sec. 3.1e3, the progressive configuration of the interfacial stresses as well as axial strain of monolayer graphene could be easily derived, offering a simple tool to understand evolution of interfacial stresses and further identify key interfacial parameters based experimental results. The main steps are outlined here. (i) During the elastic stage, the interfacial stresses are given by Eq. (11) along the whole length of the graphene/polymer bonded interface as shown in Fig. 2a 12), where bond breaking occurs at the edge of interface (the interfacial stress reaches to interfacial strength in Fig. 2b). (ii) During the elastic-damaging stage, the behavior of the interface can be followed by gradually increasing length of interfacial bonds breaking zone. For each value of the damaging length, the corresponding applied strain to the matrix can be given by Eq. (18) . Then, the interfacial stress distribution is computed by Eqs. (14) and (17) as shown in Fig. 2c . Also, the strain of graphene could be obtained by Eqs. (13) and (16) . Note that the interfacial stress still maximizes at end of elastic part and the starts softening to the edge in damaging part. This stage ends when the interfacial stress at the edge decreased to the frictional stress (Fig. 2d) . And the applied strain and length of damaging region could be given by the combination of Eqs. (18) and (19) . (iii) During the elastic-damagingfrictional stage, the controlling behavior becomes the propagation of the sliding region from the edge to the center of interface. For each value of applied strain, the corresponding damaging and frictional region can be given by combining Eqs. (26) and (27) . Then, the interfacial stress distribution is computed by Eqs. (21), (23) and (24) as shown in Fig 2e. Also, the strain of graphene could be obtained by Eqs. (20), (22) and (25) . In fact, the E-D-F stage progresses with a gradual increase in the length of the sliding region and a decrease in both of the elastically bonded and bond breaking region (Fig. 2eef) . Note that due to the constant interfacial stress during frictional process, the strain distribution of graphene tends to be triangle-like, allowing us to be characterized based on strain mapping of graphenen nanosheets. This stage ends when the entire interface has entered sliding process, then the interface could not transfer any larger stress into the graphene sheet and the strain of graphene plateaus with the increasing applied strain to the matrix.
Mechanical behavior and properties of H-bonded interfaces
In our experiments, the monolayer graphene nanosheet (with L z 12 mm) was first adhered on top of PMMA matrix via vdW interaction. The strain of graphene sheet was measured along the tensile direction with the aid of Raman spectroscopy when the matrix underwent strain level of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6% as shown by the plots in Fig. 3a (see Ref. [39] for more details). It can be seen that the strain builds up in graphene nanosheet from the edges and approaches a peak at the center. At the small applied strain (<0.3%), the strain at the center approximately equals the allied strain to the PMMA matrix. And the graphene nanosheet behaved like conventional fibers and its strain distribution could be well described via conventional linear shear-lag analysis or the elastic stage of our model (Fig. 3a black line) [42] . Through eq. (10), we obtain b z 0.62 mm
À1
, which is commonly treated as an effective parameter presenting the interfacial stress transfer efficiency in fiber/matrix systems [46] , and the corresponding interfacial stiffness k e were calculated to be 132 TPa/m, assuming E g ¼ 1 TPa. When the applied strain further increases, the strain in the center of graphene begins to lag behind the applied strain to the PMMA matrix. And the strain distribution in graphene becomes almost linear near the edges as labeled by the red line in Fig. 3a , an evidence of the interfacial frictional behavior (interfacial stress tends to be constant at the edges as shown in Fig. 2eef ) as well as nonlinearity for vdW interfaces [9, 11] . Through fitting the experimental results by the steps in Sec. 4.1, the interfacial strength t c , the ratio of frictional stress to strength a were found to be 0.45 MPa and 1, respectively. Our result about the value of interfacial stiffness, strength as well as its relation with the frictional stress (a ¼ 1) are similar to that reported previously for a graphene/PET interface [11] . Particularly, in the terms of frictional stress to strength ratio, the related mechanism was also revealed through molecular dynamics (MD) simulations about vdW interaction dominated graphene interfaces where adhesion and sliding force would spontaneously take place even without an applied normal pressure, resulting in the unique frictional behavior of graphene-based vdW interfaces rather than shear-type interfacial delamination observed in macroscopic interfaces [19] . Meanwhile, its high frictional stress to strength ratio of graphene-based vdW interfaces can also result in huge interfacial energy dissipation during deformation [41, 47] , as macroscopically achieved high damping performance in nanocarbon based nanocomposites [48e50] .
There is increasing evidence in literature for significant improvements in both toughness and strength of graphene-based nanocomposites through engineering their nano-interfaces with hydrogen bonds [26e31], where high interfacial sliding resistance were believed to be one of the most important underlying mechanism. We thus further introduced the H-bonds into the graphene/ PMMA interfacial galleries by following Griegge's mechanism, where the gaseous mixture of ozone and water vapor (H 2 OeO 3 ) is jointly involved as oxidizing reagent to oxidize monolayer graphene sheets with hydroxyl, carboxyl and epoxy groups. After~2-h reaction, Raman intensity ratio (I D /I G ¼~2; I D /I D' ¼~10) was achieved for the functionalized graphene samples (see Ref. [39] for more details). Following above in situ Raman measurements and nonlinear modelling, it is found that, compared with the pristine vdW interface, the significant improvements in both the interfacial stiffness (531 TPa/m) and strength (1.2 MPa) were achieved via hydrogen bonding of the interface as shown in Fig. 3b . This implies that graphene-based interfaces with H-bonding interaction will demonstrate higher interfacial stress transfer efficiency and in turn bulk properties. It is worth noting that the Young's modulus of oxidized graphene was also assumed to be 1 TPa, according to the facts that the elastic stiffness of defective graphene (I D /I G < 2 and I D / I D' > 10) is not diminished in comparison with its pristine counterpart [51, 52] . More interestingly, the overall agreement by fitting with frictional stress of 1.2 MPa (~three times of that for vdW interfaces) for H-bonding graphene/PMMA interfaces is excellent despite some local scattering of the experimental data, strongly supporting their high interfacial sliding forces of H-bonded nanointerfaces. In addition, the fitted frictional stress to strength ratio for H-bonded graphene interface also similar to that observed in previous MD simulation, where the stress-strain curve of H-bonded graphene interfaces displayed little drop after peak stress (frictional stress in close proximity to strength) due to the breaking and re-forming behavior of H-bonds [45] . Moreover, the H-bonded interfaces showed higher sliding resistance in comparison with vdW and even covalent bonded interfaces [45] . It is also worth noting that the damaging stage in our nonlinear model were experimentally undiscernible, which might result from the high value of frictional stress to strength ratio for both vdW and H-bonded interfaces, and on the other hand, also might be experimentally technical limitation e.g. the small size of our measured graphene sheet (~12 mm), laser spatial resolution (1e2 mm), piezoelectric stage resolution (~600 nm) as well as the small applied strain (<1%). More accurate interfacial parameters thus should be experimentally evaluated via graphene samples with large, size large mismatched deformation and high-resolution characterization for both the vdW and H-bonded interfaces in future.
Characteristics of H-bonded interface in graphene-based nanocomposites
There are important implications from this study for optimal design of graphene-based high-performance nanocomposites through engineering their nano-interfaces with hydrogen bonds. On the basis of our results as well as previous reports, we conclude here the beneficial characteristics of H-bonded interface in improve the overall properties of graphene-based or nano-carbon-based nanocomposites. i) After introduction of H-bond-required oxide groups on graphene nanosheet, defective graphene is still capable of tolerating defects and retaining its ultra-high stiffness properties when I D /I G < 4 (an I D /I G ratio of 1 is generally considered to represent a relatively high state of defectiveness in graphene) [51] . ii) As proven in section 4.2, compared with pristine interface, significant improvements in both the interfacial stiffness and strength could be achieved via hydrogen bonding, which are critical for the bulk modulus and strength of nanocomposites. iii) H-bondrequired oxide groups further featured interfacial galleries with richer binding chemistry, allowing further H-bonding network tuning as well as combination with other type of bonds (i.e. strong covalent bonds and coordinative bonds) and in turn, leading to improved interfacial properties [22, 53, 54] . iv) Owing to their short, unidirectional characteristics, the H-bonds between the graphene nanosheets and polymer matrix could be able to re-form after breaking under deformation, resulting in a high frictional stress (comparable to the interfacial strength). Comparatively, directional and strong covalent bonds take the advantages in terms of ii) whereas they are hard to reform after breaking, limiting the reinforcing effects of graphene or nano-carbon materials in nanocomposites [44] . Such effects of frictional behavior on the overall properties of nanocomposites could also be easily speculated from the strain of graphene at the center of interface in response to applied strain to matrix as shown in Fig. 3c . Once the applied strain reaches the critical value, interfacial slippage initiates at the edge and propagates to the center of graphene as above-analyzed. It can be found that, for interfaces (e.g. covalent bonded interfaces) with [45] , the strain of graphene at the center will decrease, instead of increase with applied strain, hence weakening their strengthening effects. Nevertheless, for interfaces with H-bonded interaction (or high frictional stressstrength ratio), the graphene still keeps their strengthening effect without losing initial efficiency for a large strain level after the bonds break at the edge as shown in Fig. 3c [55] . Meanwhile, during their repeatedly breaking and re-forming processes of interfacial bonds, considerable mechanical energy is dissipated, which could further attribute to the bulk toughness and damping properties of nanocomposites [25e30].
Interfacial adhesion energy of H-bonded graphene/polymer nano-Interfaces
The monolayer graphene sheet was exposed on top of PMMA matrix as illustrated in Fig. 1a , also allowing the morphology characterization of graphene sheet via before and after tensile deformation of matrix. Since frictional behaver of graphene-based interfaces occurs, matrix will create the compressive restraints on the graphene nanosheets after releasing the applied strain, leading to wrinkling or buckle delamination in order to release the compressive strain [11] . Herein, atomic force microscope (AFM) was employed to detect the surface in our graphene samples after loading-unloading process. Buckling ridges, localized with relatively flat surface between neighboring ridges (characteristics of buckle delamination), were observed in both vdW and H-bonded interface in Fig. 4 [11, 56, 57] . We hence calculate the adhesion energy of graphene-based interfaces (also known as the interface toughness) based on fracture mechanics, which offers a simple and strain-independent formula as [56] : 
where G is the adhesion energy, d is the delamination height, and l is the delamination width, n is Poisson's ratio of the graphene nanosheet. Based on more than six buckles observed in Fig. 4 [3] , the adhesion energy of vdW and H-bonded graphene/PMMA interfaces could be estimated to be 2.8 and 84.4 mJ/ m À2 , respectively, further highlighting the significantly improvements in the interfacial properties through H-bonding treatment.
Conclusion
Based on the in situ Raman measurements and nonlinear shearlag model, we study the stress transfer of hydrogen bonded graphene/PMMA nano-interface. A nonlinear shear-lag model and corresponding analytical solutions were presented to understand evolution of interfacial (shear) stresses along the interface. Our nonlinear model might be also valid for graphene nano-interfaces with various types of interfacial interactions. The quantified interfacial parameters (stiffness, strength, frictional stress and toughness) for H-bonded interface can be substituted into micromechanical models to give the relationship between more complicated structures and overall properties of bulk composites. Implications for optimal design of graphene-based high-performance nanocomposites through tuning their nano-interfaces with hydrogen bonds were further summarized. Also, the understanding of the mechanical behavior and properties of H-bonded graphene/ polymer interface here could be useful in developing a basis for interfacial optimal design of high-performance graphene-based nanocomposites.
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